Cilia were isolated from Tetrahyrnena pyriformis by a glycerol method. The addition of low concentrations of ATP, but not of other nucleoside triphosphates, caused an increase of up to twofold in the amount of cilia pelleted in a low-speed centrifugation assay and decreased the density of the pellets compared to control pellets. Pellet size and density depend on pH, both in the absence and in the presence of low concentrations of ATP. High concentrations (5 mM and above) of ATP and of other nucleoside triphosphates tend to "dissolve" the cilia. Heating the cilia for 1 1 min at 40°C abolishes the increase in pellet size and the decrease in pellet density caused by low ATP, but slightly increases the ATPase activity of the cilia. Heat treatment, however, does not prevent the dissolving effect of high ATP. There are, thus, two independent effects of ATP on the hydrodynamic properties of cilia suspensions.
INTRODUCTION
Several workers have studied the interaction of ATP with isolated cilia and flagella, in efforts to define properties related to their motility. Gibbons (3) has shown that suspensions of cilia isolated from Tetrahymena by the ethanol-calcium method of Watson and Hopkins (13) show a decrease in turbidity of up to 20%, upon the addition of 0.01 to 3 mM ATP. Tibbs earlier had noted a similar effect of ATP on perch sperm tails (11) , and more recently has shown that the decrease in turbidity is due to an increased hydration, since pellets of freshly isolated sperm tail fragments centrifuged in the presence of ATP contain up to 40% more water by weight than control pellets (10) . Gibbons (4) has shown that cilia isolated by a glycerol method may be reactivated by ATP, in contrast to cilia isolated by the ethanol-calclum method. It was therefore reasonable to expect that such cilia might serve as in vitro models for the study of the mechanism of cilia motility, much as glycerol-treated muscle fibers have been Useful for the study of muscle contractility. Another useful model found for studying the contractile properties of muscle proteins has been the precipitation of actomyosin suspensions. SzentGy6rgi (8) first showed that low concentrations of ATP caused a syneresis and a "superprecipitation" of the actomyosin particles. It was subsequently observed that higher concentrations of ATP cause dissolution and, ultimately, dissociation of the actomyosin. In this study the interaction of ATP with cilia isolated from Tetrahymena by slight modifications of the glycerol method of Gibbons (4) was investigated, by using the hematocrit tube centrffugation assay that has been useful in studies of the superprecipitation of actomyosin (1) . We have found that, contrary to actomyosin, glycerinated cilia show increased pellet volumes when centrifuged after treatment with low concentrations of ATP, but, like actomyosin, tend to dissolve when treated with high ATP. The results presented demonstrate the independence of these two effects of ATP and suggest that this assay may be valuable in the study of ciliary function.
MATERIALS AND METHODS
Tetrahymena pyriformis, strain HSM, were grown axenically at room temperature in 6-liter cultures, with aeration, in a medium consisting of 1.0% proteose peptone, 0.05% liver extract, 0.1% glucose in 0.02 KH2PO4, adjusted to pH 6.5 with NaOH and containing about 0. for 20 rain. The cilia were then suspended in a small volume of buffer, homogenized briefly on ice in a Potter-Elvejhem hand homogenizer, brought to 70% (v/v) glycerol in 1M solution pH 8.3 , and stored at --20°C. These cilia could be reactivated by addition of ATP for up to a week after isolation. Before use, appropriate amounts of the stored suspension were diluted with buffer to a glycerol concentration of not more than 25% and collected by centrifugation at 27,000 g, 0°C for 20 rain, then resuspended in a small volume of the same buffer and homogenized briefly on ice. For the hematocrit centrifugation assay, aliquots of cilia of known protein content were mixed with equal volumes of test solutious at 24°C and after 5 rain placed in 1 ml Wintrobe hematocrit tubes. After 10 mm incubation with test solutions, the tubes were centrifuged for 5 min (unless otherwise specified) at maximum speed of an International clinical model centrifuge (about 3500 RPM). After centrifugation, the precipitate height and meniscus height were recorded, and about 0.5 ml of the supernatant was carefully removed and its protein content determined by the method of Lowry et al. (6) . Each hematocrit tube was calibrated so that measurements of pellet height permitted computation of pellet volume; thus, the density and protein content (per cent of the total protein) of the pellet could also be determined.
In all experiments, except those shown in Figs. 2 and 4, the stock cilia were suspended in IM solution, pH 7.3, containing 50 mM NaC1 (IMN solution). Nucleotides and phosphates (sodium salts) were made up in IM solution, the pH adjusted to 7.3 with imidazole and the sodium to 50 mM with NaCI. In experiments shown in Figs. 2 and 4 , stock cilia were suspended in dilute IMN solution (2 mM in imidazole) pH 7.3. ATP solutions for these experiments were made up in a solution containing 200 mM imldazole, 40 m• Na acetate, 2.5 mM MgSO4, the pH adjusted to the desired value with HC1 or NaOH and the sodium to 50 mM with NaC1 (IMNA solution). Hydrolysis of nucleotides and phosphates was measured by incubation of cilia suspensions with test solutions in the indicated buffers at 24°C, stopping the reaction by addition of trichloroacetic acid to 6%, and measuring inorganic phosphate in the supernatant by the method of Taussky and Shorr (9) . Preliminary experiments showed that the difference in buffer concentration had no effect on either the hematoerit assay or the phosphate release.
OBSERVATIONS

The Hematocrit Tube Centrifugatlon Assay
A photograph of a typical hematocrit assay is presented in Fig. 1 . It can be seen that with increasing ATP concentration the size of the pellet increases threefold, and then at higher ATP it decreases toward the control level. Although difficult to see in the photograph, the supernatant is increasingly turbid at high ATP concentrations. Because, as will be shown below, ATP affects both the density of the pellet and the per cent of the total protein appearing in the pellet, it was important to establish the effects of cilia concentration and time of centrifugation on pellet density and size. The data in Fig. 2 a show that the per cent of the protein appearing in the pellet increases slightly with increasing cilia concentration, in both the presence and absence of ATP, thus demonstrating a concentration-dependent interaction between glyceroltreated cilia. Although ATP decreases the density of the pellet, the density is independent of the initial concentration of cilia ( Fig. 2 b) , a fact which suggests that increasing the cilia concentration increases the probability of sedimentation without altering the packing of the sedimented particles. At a given concentration of cilia, increasing the time of centrifugation increases the per cent protein in pellets of control cilia, but not of ATP-treated cilia (Fig. 2 c) . ATP, however, not only decreases the density of the pellet relative to control pellets, but also decreases the effect of time of centrifugation on pellet density (Fig. 2 d) , a fact which indicates that A T P increases the resistance of the particles comprising the pellet to packing. Because of the concentration-dependent interaction between cilia, similar concentrations of cilia (about 1 m g / m l ) were used in most of the experiments reported here. Since no pellet is obtained with less t h a n 3 min of centrifugation at low concentrations of A T P and with less t h a n 5 min of centrifugation at high ATP, 5-min spins were used routinely. Fig. 3 shows the effect of A T P concentration on the sedimentation properties of glyceroltreated cilia. At concentrations of A T P up to 3 raM, the per cent protein in the pellet a n d pellet volume are increased relative to the controls, while the density is decreased. T h e m a x i m u m increase in pellet volume occurs at about 0.5 m u A T P and is over threefold in some preparations, in contrast to the small changes obtained so far with other assay methods (3, 10) . As the A T P concentration increases above 0.5 mM, pellet density remains low, but the per cent protein in the pellet and pellet volume decrease, becoming less than the control values at 10 mM ATP (Fig. 3) . The increasing protein content of the supernatant is manifested as an increase in turbidity; that this represents the beginning of true solution is shown by the fact that after treatment with very high ATP (18 n~) followed by 1 hr centrifugation at 100,000 g, 15 to 20% of the total protein remains in solution, whereas after such centrifugation of control cilia only 5% of the total protein remains in the supernatant. These effects of ATP have been found in all cilia preparations made, although their magnitude varies somewhat with different preparations, and diminishes slightly after storage for over a month. The absolute values for per cent protein in the pellet and pellet density also vary for control pellets, but the ratios between values for control pellets and ATP-treated pellets remain nearly constant for a given preparation,
The Effect of Other Nueleotides and Related Substrates
CTP, ITP, UTP, TTP, AMP, PP, and ppp1 at concentrations up to 1 EM had no effect on the size or density of cilia pellets (Table 1) . ADP, however, had an effect equal to that of ATP, 1 The abbreviations used in this paper arc as follows : AMP, adenosine monophosphate; CTP, cytidine triphosphate; GTP, guanosine triphosphate; ITP, inosine triphosphate; PNP-P, p-nitrophenylphosphate; PP, pyrophosphate, PPP, tripolyphosphate; TTP, thymidine trlphosphate; UTP, uridiue triphosphate.
presumably because of the presence of a myokinaselike enzyme. In contrast to the specific effect of ATP on pellet density and size, the dissolving effect of high ATP is also produced by 5 mM GTP, CTP, UTP, ITP, PP, and PPP. GTP appears to be more effective than ATP in dissolving the ciliary protein, while PP and PPP are less effective ( Table 1) .
The specificity of low concentrations of ATP in increasing pellet size and decreasing pellet density is further demonstrated by the failure of GTP, CTP, ITP, or PPP at concentrations up to ten times the ATP concentration to alter the magnitude of the ATP effects ( Table 1) .
Rates of Hydrolysis of A TP and Related Compounds
Since ATP at low concentrations specifically increases pellet size and decreases pellet density, it was of interest to compare the rates of hydrolysis of the nucleoside triphosphates and related substrates by glycerol-treated cilia (Table II) . Although ATP is hydrolyzed faster than any other substrate tested, its rate of hydrolysis is only three times faster than that of CTP. It seems unlikely, therefore, that the rate of hydrolysis is the sole factor determining the ability of ATP to change the pellet size and density.
The cleavage of ADP is at least partly due to the presence of a myokinaselike enzyme; when cilia were incubated with ADP, both ATP and AMP were formed, as determined by thin layer chromatography. The magnitude of the ATPase activity found here is about twice that obtained by Gibbons (5) for ethanol-calcium isolated cilia of Tetrahymena. Similarly, flagella isolated from Polytoma by a glycerol method (2) had higher ATPase activity than those isolated by a toluene or chloroform procedure (12) .
The Reversibility of the Effects of Low A TP Concentrations
That the change in cilia pellets caused by low concentrations of ATP is partially reversible is demonstrated by the experiment shown in Table  III . Two tubes containing 0.5 mu ATP (A1 and A2) and two controls (B1 and B2) were centrifuged in hematocrit tubes as usual, and the entire supernatants removed. The pellets were washed twice in 10 volumes of cold buffer, collected by 5 min centrifugation at 17,000 g, 0°C, and resuspended in 0.5 ml of buffer by trituration with a glass stirring rod. Cilia from A2 and B2 were then treated with ATP, A1 and B1 serving as controls, and the hematocrit assay again performed. A significant reversibility in the amount of protein pelleted was found but the change in density of the pellet was reversible only to a small extent.
The Effect of pH
The effects of pH on the ATPasc activity and on the sedimentation properties of glyceroltreated cilia are shown in Fig. 4 . The ATPasc activity is nearly constant over a relatively wide range of pH, but falls gradually above pH 8 and sharply below pH 5 (Fig. 4 a) . Cilia brought to pH 4 or pH 10 do not recover their original activity when assayed at pH 7.5. At low pH the cilia visibly change state, forming opaque, coagulated pellets. This is reflected in the pellet density (Fig. 4 c) which is constant above pH 6 but rises sharply at lower pH values. It should be noted that, unlike pellet volume (Fig. 4 b) , pellet density is insensitive to ATP concentration in the range 0.5 to 5.0 raM. The per cent of total protein in the pellet (Fig. 4 d) and the pellet volume (Fig. 4 b) vary considerably over the pH range tested, unlike the ATPase and pellet density. The variation of per cent protein in the pellet of control cilia with pH resembles a titration curve with a "pK" of about 6.5 (Fig. 4 d) . The presence of 0.5 mM ATP increases the per cent protein in the pellet relative to that of control pellets at pH values greater than 6.3, the maximum difference occurring at about pH 7.5. At pH values below 6.3, the per cent protein in the pellet is less than that of control pellets. High ATP (5 mu) decreases the per cent protein in the pellet of all pH values (except possibly pH 7). Although the increase in pellet volume at low ATP (relative to the volume of control pellets) is largest at about pit 6, this is a sensitive region, in which small changes in pH may have irreversible consequences. It is for this reason that most of the experiments reported in this paper have been performed at pH values of 7.3. Although it would be premature to attempt an analysis of the complex effects of pH on pellet size and density, it is clear that ATP changes the effect of pH on the sedimentation and packing properties of glycerol-treated cilia.
The Effect of Temperature
If the hematocrit tube assay is performed at 4°C, the effects of ATP are diminished at both low and high ATP concentrations. The effect of heating cilia at 40°C for 11 rain and recooling before performing the hematocrlt assay is shown in Fig. 5 . Heat treatment destroys the effect of low concentrations of ATP on both protein content and density of cilia pellets, but does not appreciably alter the "dissolving" effect of ATP at concentrations of 5 mM and above; the two effects of ATP are, thus, independent of each other. The effect of the heat treatment on the ATPase ac- tivity is shown in Table IV . The ATPase of heattreated cilia is slightly greater than that of control cilia at 0.5 mM ATP. Thus, the heat treatment uncouples the ATPase activity from the machinery necessary to change the hydrodynamic properties of cilia observed in the hematocrit assay. It should also be noted that the relatively small increase in ATPase activity observed upon increasing the ATP concentration from 0.5 to 5.0 mM suggests that Km for the ATPase of glycerinated Tetrahymena cilia is below 0.5 raM. 
DISCUSSION
The experiments reported here show that ATP interacts with glycerol-treated cilia in two sepaable and independent ways. The first interaction, at low concentrations of ATP, is specific to ATP, and is seen in hydrodynamic effects on the sedimentation of cilia suspensions. These effects, manifested as an increase in the per cent of protein sedimented in a brief centrifugation and as a decrease in the density of the resulting pellet, are probably partly due to increased hydration of the cilia (3, 10, 11), but also to changes in interciliary interactions. The second interaction, important at high ATP concentrations but not specific to ATP, involves further changes in ciliary structure, as shown by the partial solubilization of the protein.
The observation that other nucleoside triphosphates are as effective as ATP in causing the dissolution seen at 5 mM and above, while PP and PPP are less effective, suggests that the basic moiety of the nucleoside triphosphates is involved in this effect. The partial solubilization of cilia protein brought about by very high ATP may be useful for fractionation of this fibrillar organelle. That the ATPase activity of cilia may be necessary for the physical changes seen at low concentrations of ATP, but is not sufficient, is evident from the uncoupling caused by heat treatment. The lack of correlation between the effects of pH on pellet size and density and on the ATPase activity also indicates that ATPase activity is not the sole determinant of the physical state of the cilia; and the failure of 1 mM CTP to alter the physical properties while its rate of hydrolysis was was one-third that of ATP further suggests that ATPase activity is insufficient. Since Gibbons has already shown that both the isolated ATPase fraction of Tetrahymena cilia and another protein fraction are necessary for a change in lightscattering properties to occur in response to ATP (3), it is reasonable to assume that the uncoupling effects of heat treatment and the effects of pH are reflections of the properties of other proteins in the cilia (perhaps identical with Gibbons' fraction 2) which are essential components of the contractile machinery.
The sequence of dephosphorylation rates observed here for Tetrahymena cilia is similar to that observed by Brokaw (2) (Table II) is due to pellicle fragments or other contaminating particles cannot be ruled out, but electron micrographs of these preparations did not reveal any appreciable number of pellicle fragments. It is therefore noteworthy that an alkaline phosphatase appears associated with the cilia of Spisula after a certain stage of embryogenesis (7). Tibbs found that the hydration of sperm tail fragments caused by ATP was not reversible, and that the ultrastructure of the sperm tails disintegrated upon this treatment (10) . That the physical changes caused by low concentrations of ATP are partially reversible (and opposite to the irreversible superprecipitation of actomyosin) may be related to the fact that reactivated cilia perform alternate relaxations and contractions. The present findings indicate that the sedimentation properties of glycerol-treated cilia provide a useful model system for further studies aimed at understanding the molecular mechanism of ciliary action.
